The ultrastructure of human astrovirus serotype 2 (HAst2) grown in cell culture was analysed by electron microscopy of thin sections and negatively stained preparations. Infected LLCMK2 cells, as visualized in thin sections, contained cytoplasmic aggregates of dense or hollow-cored particles that aggregated in quasicrystalline arrays and were specifically labelled using a rabbit polyclonal anti-Ast2 antiserum. H-Ast2 particles from the supernatant of infected LLCMK2 cells in thin sections after flat-embedding were similar in size to intracellular virions. In negatively stained preparations, these virus particles had an external diameter of 41 nm and exhibited a well defined layer of surface spikes. Pentagonal and hexagonal contours were occasionally visible, and probably correspond to the projections of icosahedral structures. Star-like morphologies and particles with surface triangular hollows were seen in dark areas of the preparations only after a short treatment of the viruses at pH 10. Incubation of the viruses at pH 10.5 induced a rapid disassembly of the virus particles. The finding that the particles with icosahedral geometry and surface spikes are fully infective allows an alternative morphological model to the traditional one for astroviruses to be proposed.
Astroviruses are a group of positive-stranded RNA viruses frequently associated with non-bacterial gastroenteritis in humans and animals. They were named after the star-shaped motif of their surface as visualized by electron microscopy (EM) of clinical samples (Madeley & Cosgrove, 1975; Greenberg & Matsui, 1992) . Their classification as a new family of nonenveloped RNA viruses, the Astroviridae, has been definitively established from recent data on the genome sequence and organization of these viruses (Jiang et al., 1993; Monroe et al., 1993; Lewis et al., 1994) . Human astroviruses (H-Ast) have a worldwide distribution, but their real incidence has been probably underestimated because of the lack of sensitive diagnostic assays (Herrmann et al., 1991 ; Monroe et al., 1991 a; Willcocks et al., 1991) . Five serotypes have been traditionally described for H-Ast (Kurtz & Lee, 1984) but the detection of two additional ones has been reported recently (Lee & Kurtz, 1994 or six-pointed surface stars (Madeley & Cosgrove, 1975; Madeley, 1979; Caul & Appleton, 1982) . It has been repeatedly found, however, that usually only a minority of virions exhibit this characteristic morphology, and this can complicate identification of these viruses in clinical samples if immunological tests are not simultaneously applied (Madeley, 1979; Oliver & Phillips, 1988) . In fact, in the original description of the virus, Madeley & Cosgrove (1975) stated that 90 % of the virus particles do not exhibit the ' star-like' morphology. The low percentage of 'star-shaped' particles together with the absence of the distinctive morphological features in fresh isolates of H-Ast grown in cultures of CaCo-2 (Willcocks et al., 1990) and LLCMK2 cells (SfinchezFauquier et al., 1994) raised doubts about the identity between the star shape and the true native architecture of the virus.
To test this unsolved aspect of astrovirus morphology, we did ultrastructural studies of astrovirus-infected cells and astrovirus particles from the supernatant of Astproducing cell cultures. LLCMK2 cells were infected with a cell culture-adapted human astrovirus serotype 2 (H-Ast2). This astrovirus (CDC-Spain strain), obtained from the collection of the National Center for Infectious Diseases (Centers for Disease Control and Prevention, Atlanta, Georgia, USA), is recognized in ELISA and immunofluorescence assay by the astrovirus-specific 0001-3155 © 1995 SGM al., 1991 b) . M o n o c l o n a l a n t i b o d y PL-2 derived from our strain recognizes the original A t l a n t a strain in E L I S A (A. S~inchez-Fauquier, unpublished) . A polyclonal antiserum derived from the C D C -S p a i n strain recognizes astrovirus serotypes 1 to 5 from the C D C -A t l a n t a collection (A. Sfinchez-Fauquier, J. Noel & R. Glass, unpublished) . Infections of L L C M K 2 cells were performed in serum-free m e d i u m c o n t a i n i n g 101ag/ml trypsin, as previously described (S~inchez-Fauquier et al., 1994) . At 17 and 2 4 h post-infection, all cultures, including control cells incubated in the absence of viruses, were fixed in situ for 15 min at 4 °C with a solution of 4 % paraformaldehyde, 0" 1% glutaraldehyde in PBS, pH 7-4, and removed from the culture. The cell pellets obtained after centrifugation in a microfuge were dehydrated and processed for embedding in epoxy resin EML 812 or for low-temperature embedding in Lowicryl K4M, as previously described (Risco et al., 1991 (Risco et al., , 1994 . Thin-sections of the samples were later either stained with uranyl acetate and lead citrate or processed for immunogold detection of viral components, before studying them with a JEOL 1200 EX II electron microscope. For specific detection of astroviruses in infected cells, a rabbit polyclonal antiserum raised against whole H-Ast2 was used in combination with a goat anti-rabbit IgG conjugated to 5 nm colloidal gold particles (Biocell). The immunolabelling procedure followed the method previously described in detail (Risco et al., 1991 ; Risco & Pinto da Silva, 1993) .
As seen in Lowicryl sections, the cytoplasm of infected LLCMK2 cells contains aggregates of round, dense or hollow-cored particles, tightly packed in quasi-crystalline arrays (Fig. 1 a) . Similar cytoplasmic accumulations of particles have been visualized by electron microscopy in NBK cells infected with a bovine astrovirus (Aroonprasert et al., 1989) , in columnar epithelial cells of the lamb mid-gut during experimental infection (Gray et al., 1980) , in ESK cells infected with a cytopathic porcine astrovirus (Shimizu et al., 1990) , and in HEK and LLCMK2 cells producing H-Ast (Kurtz et al., 1979; Monroe et al., 1991b) . In our samples, the identity of these aggregates was clearly established by immunogold detection of astrovirus antigen with a polyclonal anti-HAst2 antiserum (Fig. l b) that recognizes astrovirus serotypes 1 to 5. EML 812 sections of the same cultures show in greater detail the size and structure of the individual virus particles: within the aggregate these exhibit a dense central ring and a lighter coat or hexagonal periphery can be distinguished in some of the particles (Fig. 1 c, arrow and arrowhead) . The estimated diameter for these closely packed individual virions is approximately 40 nm. No ultrastructural findings relating to the mechanism of virus release from infected cells were obtained, and no viruses were ever seen on the plasma membrane outside the cells. In a previous study performed with infected lamb mid-gut, extracellular viruses were seen attached to the microvilli of virusproducing cells (Gray et al., 1980) . These extracellular virus particles had the same diameter and basic structure as intracellular aggregated astroviruses, and no data on the mechanism of their release from the cell were obtained. It was then assumed that virions would be released into the gut lumen during disintegration of desquamated cells. To compare the structure of intracytoplasmic virions with extracellular virus particles, concentrated suspensions of extracellular H-Ast2 were obtained from LLCMK2 cultures that continuously produce H-Ast2 in the presence of trypsin, as previously described (S~inchez-Fauquier et al., 1994) . These viruses were adsorbed to EM grids (covered by Formvar and carbon and made hydrophilic by glow discharge), and later fixed with 1% glutaraldehyde in PBS, dehydrated, and flat-embedded in epoxy resin. Sections of the virus monolayers mainly contain complete projections of embedded viruses (Fig. 1 d) because of the small size of the virions as compared to the thickness of the sections (> 60 nm). Although the periphery of these isolated HAst2 particles is not clearly outlined in the sections, their diameter (around 37 nm) is similar to that of intracellular virions. It seems that at this level of resolution no major change in general virion organization is associated with virus release from the cell or with the isolation procedure.
The same purified astroviruses (Sfinchez-Fauquier et al., 1994) were also visualized in greater detail by negative staining. Virus suspensions were adsorbed to EM ionized grids and stained for 30 s with 2 % sodium phosphotungstate, pH 7. As seen in Fig. 2 (a) , the viruses appear as round particles with radiating spikes on their periphery. The morphology of these spikes is consistent with that of a thin cylinder, extending from the capsid, that has a rounded thicker domain in the distal site. Some particles exhibit well-defined and independent knobs or projections (Fig. 2b) , while others have the frequently described 'peripheral ring' (Fig. 2a , arrowhead); this difference is clearly derived from the different orientations of the virus particles on the supporting film, leading to different projections. The staining agent penetrates some of the virus particles that look like empty capsids (Fig. 2 c) . Some of the virions clearly have pentagonal (empty virion in Fig. 2 c) or hexagonal (Fig.  2d) contours, a finding that is consistent with the twodimensional projection of icosahedral structures. The precise dimensions of these astroviruses were calculated using catalase crystals for calibration (Wrigley, 1968) ; this gave a diameter of 41.6+0.8 nm for the whole, apparently intact virus particle, and a value of 30.8 _+ 0.7 nm if the layer of spikes is not considered. The internal diameter of the 'empty' virus particles was approximately 21 nm. The dimensions calculated here for the whole virus differ from the 28-30 nm typically assigned to astroviruses (Madeley & Cosgrove, 1975; Madeley, 1979; Caul & Appleton, 1982) . In fact, the 28-30 nm measurement corresponds to the diameter of the virus particle without spikes. It is important to note that the layer of intact spikes (which represents about 10 nm of the whole diameter) has rarely been observed previously, probably because of the high concentration of the staining agent and the consequent darkness of the The basic structure of the 'empty' capsid can be seen in those particles where the staining agent penetrates (arrowhead). This empty particle has a images usually reported. Virus particles apparently lacking the spike layer (and thus having a smaller diameter) are also seen on dark spots of our preparations (see below). There are previous reports describing 'structures lying between the viral particles but not clearly attached to their surface', or 'surface projections that might act as inter-partMe bonds' (Madeley, 1979; Kjeldsberg & Hem, 1985) . Two important aspects should be noted. (0 Immunogold labelling with the rabbit anti-HAst2 polyclonal antiserum (which recognizes astrovirus serotypes 1 to 5) and two monoclonal antibodies specific for astrovirus antigen [PL-2, previously described by Sfinchez-Fauquier e t al. (1994) , which recognizes the original Atlanta strain, and a new one that has been recently obtained and named PL-11] confirmed the identity of 100% of the virus particles in H-Ast2 isolates (Fig. 2e-g ). In these images it is frequently possible to distinguish the hexagonal contour of the virus capsids (arrowheads in Fig. 2f and g ). (ii) The icosahedral H-Ast2 particles containing the spikes are infective when added to monolayers of LLCMK2 cells (S~inchez-Fauquier et al., 1994, and our unpublished results) .
After the characterization of the icosahedral particles with spikes as infective H-Ast2, the previous reports of star-like particles in these virus preparations remained to be explained. No star-shaped virions were ever seen in the preparations of purified astroviruses stained under the standard conditions described. Moreover, stars were not detected after prolonged incubation with sodium phosphotungstate (up to 30 min), with other staining agents (such as uranyl acetate or ammonium molybdate) or after treating the viruses adsorbed on grids with acidified culture medium (data not shown). The 'transformation' to the star shape was only induced after treatment of the virions with alkalinized culture medium ( Fig. 2h-l) . Viruses adsorbed to ionized Formva~ carbon coated EM grids were incubated at room temperature for various periods of time at different pH values. After more than 15 min at pH 9 still no clear stars were seen in the preparations (Fig. 2h) . However, at pH 10 a 10 rain incubation produced five-or six-pointed stars in areas of accumulation of the sodium phosphotungstate staining agent (Fig. 2/) . A prolonged incubation at pH 10 (15 min to 2 h) produced numerous particles with triangular hollows, always in association with dark spots or accumulations of the staining agent, together with a poorer definition of the layer of spikes and a subsequent decrease in apparent diameter (Fig.  2j-l) . A short incubation (4 min) of the viruses at pH 10.5 resulted in a rapid deterioration of the virus particles and only empty or broken capsids were detected (Fig. 2m) . For H-Ast2 grown in cell culture, the characteristic star-shape assigned to astroviruses seems, then, to be a transformation of the original virus structure under conditions that diminish virus integrity and that would precede virus disassembly. In stools or faeces, where astroviruses have been routinely detected, some other unknown factors, such as the presence of ions or proteases, may cause changes to the astrovirus surface structure that are detectable after treating with a staining agent. In fact, changes in ionic forces occurring during negative staining are known to damage labile structures (reviewed by Kellenberger et al., 1982) .
From the results presented in this work we propose a different architecture for the human astrovirus grown in cell culture: the native form is characterized not by a star-shaped surface but rather by an icosahedral capsid, 41 nm in diameter, with well defined surface spikes. Nevertheless, it is not known whether some other virus morphologies, including the traditional star-shaped structure, are related to the astrovirus life cycle in vivo. These aspects are important for further definition of the biology of astroviruses and deserve future study.
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